Abstract
Introduction

87
The autosomal recessive genetic disorder Nijmegen breakage syndrome (NBS) c.657_661del5, in the NBN gene [6] [7] [8] [9] . By the age of 20 years, more than 40% of patients 95 have developed a malignant disease, predominantly of lymphoid origin. Even 96 heterozygous carriers of the founder mutation have an increased cancer risk [9, 10] .
97
Nibrin, the product of the NBN(NBS1) gene, is part of the MRE11/RAD50 (MRN) 98 complex that is involved in the repair of DNA double strand breaks (DSBs), both by 99 homologous recombination repair (HRR) and non-homologous end-joining (NHEJ), the 100 processing of DSBs in immune gene rearrangements, and meiotic recombination [11] [12] [13] [14] .
101
The important role of this complex in mediating the ATM-dependent repair of DSBs 102 likely explains the high predisposition to cancer in NBS.
103
However, cancer incidence varies among genetic instability syndromes and is not clear 104 why it is highest in NBS. We have recently shown that truncated nibrin protein in NBS 105 leads to high levels of reactive oxygen after DNA damage and that this increased 106 oxidative stress is caused by depletion of NAD + due to hyperactivation of the strand-107 break sensor, Poly(ADP-ribose) polymerase. Data suggested that the extremely high Nibrin is multifunctional and may play also an important role in protecting chromosome 112 ends, the telomeres, from inappropriate DNA repair. Telomeric DNA is an evolutionary 113 highly conserved repetitive sequence which plays a crucial role both in cellular 114 senescence and in carcinogenesis. Nibrin interacts with TRF1 and is part of the shelterin 115 complex regulating telomere length. In addition, it is associated with TRF2, which binds 116 to the telomere and participates in formation and stabilization of T-loops, which are 117 required for telomere replication [16, 17] . Moreover, nibrin was found to be involved in telomerase-independent telomere maintenance pathway, the so-called alternative 119 lengthening of telomeres (ALT) mechanism [18] .
120
We therefore analysed telomere length in blood cells and lymphoblastoid cell lines from 121 NBS patients homozygous for the common founder mutation, in heterozygote 122 individuals, in an NBS fetus, and in a humanized Nbs mouse which carries the human 123 NBN gene with the founder mutation. Based on the described experimental findings and 124 previously reported shorter telomeres in individual cases and accelerated senescence of 125 NBS fibroblasts in culture [19] [20] [21] [22] [23] Tables 1-3 ). The regression curves show a similar decline for all three cohorts and an 141 inverse relationship between telomere length and age (Fig. 2) . When standardized for 142 age, the curve of the NBS homozygotes shows the most distinct decline (Fig. 2, bottom) .
143
The corresponding correlation coefficients were almost the same for controls and NBS 144 heterozygotes, r = -0.59 and -0.66, but much lower in NBS homozygotes with r = -0.27, 145 which is due to the much greater variability of individual telomere lengths.
146
The mean relative telomere length of NBS-homozygotes was significantly shorter 147 than that of the control individuals (P < 0.05), based on the comparison of two age 148 matched cohorts (1 to 10, and 11 to 20 years). No significant difference was found 149 between NBS heterozygotes and controls (Fig. 3 , Supplemental Table 4 ).
150
For 21 NBS homozygotes the telomere length could be correlated with clinical 151 data, such as age at cancer manifestation and age at death. Based on Fig. 2 the 152 individuals were classified as those with long (n=5), medium (n=8), and short (n=8) 153 telomere length (Table 1) . 17 of them had developed cancer. There was no statistical 154 significant correlation (unpaired T-test) between telomere length and either the age at 155 cancer manifestation or age at death (Supplemental Table 5 ).
156
In addition, telomere length was measured by qPCR in 14 different tissues of a 157 NBS-fetus, terminated at the 32 week of pregnancy (Fig. 4) . The longest relative 158 telomere length was found in spinal cord followed by brain, while the shortest length 159 was observed in skin.
160
Estimation of telomere length by Q-FISH
161
Telomere length was also analysed by quantitative fluorescence in situ hybridization of 162 telomere repeats (Q-FISH). Based on this approach, six NBS lymphoblastoid cell lines 163 derived from three individuals with extremely short survival after cancer manifestation 164 (<3 years), and three with remarkably long survival (>12 years) were analysed (Table   165 2).
166
The total LCL telomere length of the three patients with shorter survival after cancer 167 manifestation was longer than of those with longer survival (Fig. 5) (Fig. 6 ). This was due 175 to cellular mosaicism. In about 30% of metaphases this telomere displayed only weak 176 fluorescence, similar to the other telomeres, however, in 70 % of the metaphases it was 177 brightly fluorescent (Fig. 7) . The difference in relative T/C values was approximately 11: 178 1 for the two chromosomes 19 (Table 3) .
179
Based on supplemental Table 6 ). 
247
We investigated relative mRNA levels of these genes with qPCR, using one Telomere length in three tissues of humanized Nbs mice as analysed by qPCR.
264
The common human NBS1 mutation, used in this investigation, was hypothesized 265 to be hypomorphic, so that some low-level functionally relevant truncated nibrin protein served as control. The T/C ratio of one of the control mice (no. 98) was used as a 274 reference and set to "1".
275
Relative telomere length in all tissues of this control mouse was lower than in 276 mice with the mutated allele, but higher in comparison to the other control (no. 95; Fig.   277 9). Altogether, there was no evidence for a significant difference in telomere length 278 between the mice with the NBN founder mutation and mice with the wild type allele. 
449
The fetus with NBS presented with microcephaly as detected by ultrasound. 
Molecular genetics
459
The founder mutation was analysed by PCR of exon 6 of the NBN gene and sequencing, For mRNA quantification of TPE-OLD (telomere position effect over long 468 distances) candidate genes, the total RNA was isolated using the extraction kit from 
485
Quantitative polymerase chain reaction (qPCR) was applied to determine the 486 relative telomere length as described by Cawthon (2002) [29] . The 36B4 gene, located 487 on chromosome 12, was chosen as reference single copy gene. The number of telomere 488 copies (T) in relation to the single copy gene (S) reflects the relative telomere length 489 (T/S ratio). As a reference for all qPCR measurements a mix of blood DNA from three 490 healthy individuals (two females, one male) of the same age (32 years) was used and set 491 as "1".
492
Quantitative fluorescence in situ hybridization (Q-FISH) of telomere repeats was 493 performed according to Perner et al. (2003) [30] to determine the relative length of (Fig. 1) . The T/C ratio of 15 metaphases is estimated for each 503 case. The mean of telomere intensities of the p-and q-arms, and standard deviation,
504
were calculated for each chromosome. 
